A Pseudomonas monteilli strain (designated C11) that uses the phosphotriester coroxon as its sole phosphorus source has been isolated. Native PAGE and activity staining identified a single isozyme with significant phosphotriesterase activity in the soluble fraction of the cell. This phosphotriesterase could hydrolyse both coumaphos and coroxon. The hydrolysis product of coroxon, diethylphosphate, and the thion analogue, coumaphos, could not serve as phosphorus sources when added to the growth medium. The majority of the phosphotriesterase and phosphatase activity was contained in the soluble fraction of the cell. Phosphatase activity was inhibited by vanadate as well as by dialysis against the metal chelator, EDTA. Phosphotriesterase activity was not affected by either vanadate or dialysis with EDTA or 1,10-phenanthroline. Phosphotriesterase activity was regulated by the amounts of both phosphate and coroxon in the medium, whereas total phosphatase activity was regulated by phosphate but not coroxon. A lack of hybridisation using a probe against the opd (organophosphate degradation) gene encoding a phosphotriesterase from Flavobacterium sp. ATCC27551 against bulk DNA from P. monteilli C11 suggested that this strain does not contain opd. The work presented here indicates the presence of a novel phosphotriesterase in P. monteilli C11. ß
Introduction
Phosphatases and other phosphoester hydrolases are produced by bacteria to cope with phosphate-limiting conditions in the environment. These enzymes are able to release phosphate covalently bound in an organic form for a phosphorus source for bacteria [1, 2] . They are generally not required under phosphate rich conditions and the expression of many is repressed by the presence of phosphate in the medium [2] . The most studied bacterial phosphatases are the so-called alkaline phosphatases (PhoA in Escherichia coli), which are homodimeric nonspeci¢c phosphomonoesterases whose hydrolytic reaction requires two Zn(II) ions and one Mg(II) ion per subunit and involves a phosphorylated intermediate [3] .
Synthetic organophosphorous (OP) compounds such as coumaphos (3-chloro-7-diethoxy phosphino thioloxy-4-methyl coumarin) and its oxon derivative, coroxon, are phosphotriesters that have broad applications as insecticides and nematicides. However, there are concerns about residues of OPs in the environment and foodstu¡s because of the broad-spectrum vertebrate and invertebrate toxicities of these molecules. Much e¡ort has therefore been put into isolating phosphotriesterases that are capable of detoxifying these OPs [4, 5] . Two types of bacterial phosphotriesterases have been studied extensively: the OPD (OP degradation) protein from Flavobacterium sp. ATCC27551 and Brevundimonas diminuta MG [4] and the prolidase-type (OPAA1 and OPAA2; OP acid anhydrase) from Alteromonas spp. [6] . Both types are metalloenzymes and hydrolyse a wide range of phosphotriesters, including coumaphos. Neither type of enzyme has demonstrated phosphatase or carboxylesterase activity. They show no signi¢cant sequence similarity with each other and have very di¡erent molecular masses [6] . The reaction mechanism of OPD has been well-studied and does not involve a phosphorylated intermediate [7] . The reaction mechanism of the prolidase-type is not known. Enzymes that hydrolyse OPs from insect species have also been identi¢ed [8] . These enzymes are mutant carboxylesterases and do not contain any metal ions. Furthermore, their reaction mechanism involves a phosphorylated form of the enzyme as an intermediate in the OP-detoxifying reaction.
Classically, parathion or paraoxon has been the substrate of choice for the detection of bacteria with OP hydrolytic activity, due to the ease with which parathion hydrolysis can be measured colourimetrically. We anticipated that the use of the far more sensitive £uorimetric method to detect coumaphos hydrolysis [9] might allow for the isolation of bacteria with novel OP hydrolytic enzymes. Here we describe the isolation of a bacterium that hydrolyses coroxon and coumaphos and we provide evidence that it contains a novel phosphotriesterase.
Materials and methods

Enrichment and media
Soil from a cotton farm near Narrabri, NSW, Australia was used in the enrichment medium of Harcourt et al. [9] in which 0.1 mM coumaphos was the sole phosphorus source. Modi¢ed LB medium [9] was used to obtain single isolates from the enrichment culture. Our coumaphos utilising isolate (C11) was routinely grown on the minimal medium of Sutherland et al. [10] with the inclusion of 0.25 g l 31 MgSO 4 W7H 2 O. To examine C11 growth using various phosphorus sources we omitted phosphate from this medium and bu¡ered with 50 mM Tris^HCl, pH 7.0. E. coli DH10L containing the plasmid pJK33 (opd in pUC19) [11] was grown on the modi¢ed LB medium with ampicillin (100 Wg ml 31 ). Agrobacterium radiobacter P230 [12] and Agrobacterium tumefaciens C58 [13] were also grown on modi¢ed LB medium.
Assays and biochemical techniques
Cell-free extracts were prepared as described previously [9] . The amount of protein in extracts was determined [14] using bovine serum albumin as a standard. After ¢ltration of the cell-free extracts through a 0.2 Wm ¢lter, the membrane fraction was obtained by ultracentrifugation of the ¢ltrate at 145 000Ug. The hydrolysis of coumaphos and coroxon in cell-free extracts, bacterial cells and native gels were assayed by the £uorimetric method of Harcourt et al. [9] . Hydrolysis of 4-methylumbelliferyl phosphate (4-MUP) or 4-methylumbelliferyl acetate [15] , thin layer chromatography (TLC) for qualitative assays [16] and parathion and paraoxon hydrolytic assays [12] were performed as previously described. When indicated, MnSO 4 , MgSO 4 , ZnCl 2 and CoCl 2 were added to a ¢nal concentration of 1 mM. The e¡ect of metal chelators was tested by dialysis of cell extracts against three changes of EDTA (5 mM) or 1,10-phenanthroline (0.5 mM) in 50 mM TrisĤ Cl, pH 7.5, and then three changes of bu¡er without metal chelators. All assays were performed at least twice using two independent extracts. The amount of coumaphos in the growth medium was determined using a modi¢cation of the £uorimetric assay above. Saturating amounts of OPD were provided by adding 15 Wg of E. coli DH10L (pJK33) cell extract to an aliquot of the culture supernatant and allowing the reaction to go to completion. The amount of £uorescence corresponded to the amount of remaining coumaphos, taking into account any background £uorescence. Native PAGE (10% acrylamide; acrylamide:bisacrylamide, 29:1) was performed in the discontinuous system of Laemmli [17] with a running bu¡er of 25 mM Tris, 192 mM Glycine, pH 8.3.
Bacterial identi¢cation
Gram staining, oxidase and catalase tests were performed according to standard methods [18] . The utilisation of carbon substrates was examined using the Biolog system (Oxoid). Sequence analysis of the 16S rRNA gene was examined as previously described [12] .
Isolation of DNA and hybridisation
Bulk chromosomal DNA was extracted by the method of Gardiner et al. [19] . The opd probe was ampli¢ed by PCR using the primers 5P-TCGATCGGCACAGGCGA-TCGGATCAATACC and 5P-GCCCGCAAGGTCGGT-GACAAGAACCGCGCC, and the plasmid pJK33 as a template. The probe was labelled with [ 32 P]KdCTP using the Random Prime Labelling kit of Gibco BRL. Hybridisation was carried out on a dotblot as previously described [20] .
Chemicals
were obtained from Riedel-de Haan AG, Seelze, Germany. Coumaphos and chlorferon were a gift from Bayer, Germany. Coroxon (3-chloro-4-methyl-7-coumarinyl diethyl phosphate) was obtained from Alltech (Baulkham Hills, NSW, Australia). Ammonium metavanadate, p-nitrophenyl phosphate, 1,10-phenanthroline and paraoxon (O,O-diethyl p-nitrophenyl phosphate) were obtained from Sigma.
Results and discussion
Enrichment and isolation of a coumaphos-hydrolysing bacterium
One gram of soil was added to 100 ml of phosphorusfree medium with coumaphos added as the sole phosphorus source. After ¢ve subcultures in this medium (with a 10% inoculum at each transfer) and after determining that coumaphos was being consumed by the mixed culture (Fig. 1) , the culture was plated onto modi¢ed LB agar plates. Approximately 50 colonies were examined for the ability to hydrolyse coumaphos. Two Gram-negative, catalase and oxidase positive isolates, C11 and C20, demonstrated coumaphos hydrolytic activity. They also demonstrated £uorescence on agar plates. As both of these isolates appeared to be identical, only C11 was retained for further analysis. Sequence analysis of the 16S rRNA gene from C11 suggested that this isolate was most similar to P. monteilli (99.8% nucleotide sequence identity over 1460 bp). The carbon utilisation pro¢le is consistent with C11 being a P. monteilli strain [21] . The well-characterised phosphotriesterase gene opd [11] did not hybridise to genomic DNA from P. monteilli C11 (data not shown), suggesting the presence of a novel phosphotriesterase.
P. monteilli C11 was tested for its ability to grow with 100 WM potassium phosphate, coumaphos, coroxon (the oxon analogue of coumaphos) and diethylphosphate (the hydrolysis product of coroxon) as phosphorus sources. The ¢nal OD 595 reached at stationary phase was measured. No signi¢cant growth was seen in the medium without any added phosphorus source (0.04 þ 0.01). The greatest growth was seen with potassium phosphate (0.28 þ 0.01) as the phosphorus source. Less growth was seen with coroxon as a phosphorus source (0.17 þ 0.01), perhaps because of the energetic requirements to convert coroxon to usable phosphate. The hydrolysis product of coroxon, diethyl phosphate (0.04 þ 0.01), could not serve as a phosphorus source when included in the medium. Analogous situations for other bacteria and organophosphates have been attributed to the inability of the alkyl phosphorus compounds, like diethyl phosphate, to penetrate the cell [22] . No growth was observed on media with coumaphos (0.05 þ 0.01). We thought that this was strange in that the culture was enriched with coumaphos as a phosphorus source. The only di¡erence between coumaphos and coroxon is that the former is a thion OP (containing a PNS) and the latter is an oxon OP (PNO). An additional conversion of the PNS (in coumaphos) to PNO (in coroxon) would be required to release usable phosphate. In mammals and other eukaryotes, a thion OP is readily converted to an oxon OP via a cytochrome P450 reaction [23] . Presumably P. monteilli C11 cannot perform this conversion and hence, cannot use coumaphos as a phosphorus source. Therefore, another organism in the culture was capable of converting coumaphos to coroxon for the observed degradation of coumaphos with concomitant growth demonstrated in the mixed culture shown in Fig. 1 . This organism was not sought after as the phosphotriesterase enzyme was capable of hydrolysing both thion and oxon OPs.
Phosphoester hydrolytic activities
Hydrolysis of both diazinon and fenthion in cell-free extracts of P. monteilli C11 was observed by TLC and the £uorimetric assay revealed hydrolysis of coroxon (7.86 þ 0.47 nmol h 31 mg 31 protein) and coumaphos (5.14 þ 0.09 nmol h 31 mg 31 protein). No phosphotriesterase activity was detected with parathion or paraoxon as substrates. Given that the majority of phosphotriesterase enzymes have been identi¢ed due to their ability to hydrolyse parathion and paraoxon, it is not surprising that a novel enzyme could be identi¢ed when screening with a di¡erent OP. Phosphatase (i.e. phosphomonoesterase) activity (12.84 þ 0.29 nmol h 31 mg 31 protein) could be detected in extracts of P. monteilli C11 when 4-MUP was used as a substrate and was used as a control for the subsequent analysis of phosphotriesterase properties. The majority of the coroxon, coumaphos and 4-MUP hydrolytic activity appeared to be contained in the soluble fraction of the cell (88.4 þ 1.4, 91.7 þ 1.8 and 93.2 þ 8.4%, respectively). Native PAGE demonstrated that a single protein (with an R f of 0.23) was responsible for the coroxon hydrolytic activity (data not shown).
E¡ect of inhibitors and metal chelators on phosphoester hydrolytic activities
Vanadate is a potent inhibitor of phosphatases and can a¡ect carboxylesterases [24, 25] . The metal oxyanion forms a covalent enzyme adduct similar to the transition state structure [3] . This also appeared to be the case in P. monteilli C11 with 180 WM vanadate reducing carboxylesterase activity by 39 þ 4% and phosphatase activity by 67 þ 3%. However, this concentration of vanadate had a limited a¡ect on phosphotriesterase activity with 94 þ 8% of the activity retained. We suggest that the enzyme responsible does not undergo a phosphorylated intermediate during the hydrolysis of coumaphos or coroxon, at least not at an active site serine residue, like phosphatase or carboxylesterase [8, 25] . The reaction mechanism of the P. monteilli C11 phosphotriesterase may be similar to that of OPD. However, dialysis of an extract of P. monteilli C11 against 5 mM EDTA had little e¡ect on phosphotriesterase activity, but reduced phosphatase activity as expected by 72% (Fig. 2) . Addition of Mn 2 to the dialysed extracts restored the majority of the phosphatase activity, but Mg 2 and Zn 2 had limited e¡ect. Dialysis against 1,10-phenanthroline, another metal chelator, had only marginal e¡ects on either phosphatase or phosphotriesterase activity (data not shown). The phosphotriesterase enzyme does not appear to be a metalloenzyme like the other well-studied bacterial phosphotriesterases, OPD and the prolidase-type enzymes (OPAA1 and OPAA2), nor does it appear to undergo a phosphorylated intermediate during catalysis, such as the insect mutant carboxylesterases [8] .
Phosphate regulation of phosphotriesterase activity
Cultures of P. monteilli C11 were grown with 100 WM phosphate, 4-MUP or coroxon as phosphorus sources.
Phosphotriesterase activity (with coumaphos as a substrate) in 4-MUP cultures was two-fold greater than that of the phosphate cultures and the activity in coroxon cultures was approximately seven-fold greater than that of the phosphate cultures (Fig. 3) . To ensure that apparent regulation was not due to the presence of a plasmid in this isolate, approximately 100 colonies from the phosphate culture were selected and tested for coumaphos hydrolytic activity. All isolates retained phosphotriesterase activity and possessed the same regulation of activity (data not shown). These results suggest that the phosphotriesterase activity is not only regulated by phosphate but also by the presence of an OP (coroxon) in the medium. A similar regulation of phosphotriesterase activity was previously identi¢ed for other isolates [23] . Phosphotriesters are not commonly found in physiological systems and OP pesticides have only been used for the past 50 years. At ¢rst sight it seems surprising that a regulatory system would respond to this unnatural substance. However, coumarinlike molecules have been found in plants [26] , and several umbelliferyl derivatives were excreted by rats that had ingested umbelliferone [27] . It may be possible that coumarinyl phosphoesters, like coroxon, exist in nature. At midexponential phase, phosphatase activity was three-fold greater in cultures grown with coroxon and 4-MUP, than in those grown with phosphate (Fig. 3) . This is similar to reports of phosphate regulation of phosphatase activity in other bacteria [2] . The phosphatase activity was not regulated by coroxon in the medium, demonstrating that the presence of coroxon in the medium did not have a general e¡ect on all phosphoester hydrolysing enzymes. 
